Infection with the human immunodeficiency virus-1 (HIV-1) and acquired immunodeficiency syndrome (AIDS) are often associated with severe and debilitating neurological problems that include behavioral abnormalities, motor dysfunction and frank dementia. HIV-1-infected peripheral immune cells, in particular macrophages, appear to infiltrate the CNS, release neurotoxins and provoke a neuropathological response involving all cell types in the brain. In the CNS, HIV-1 and its components initiate activation of chemokine receptors, inflammatory mediators and glutamate receptor-mediated excitotoxicity, all of which can activate numerous downstream signaling pathways and disturb neuronal and glial function. Recent experimental evidence suggests that disturbance by HIV-1 results not only in neuronal injury and death but also in impairment of neurogenesis. This article will review recently identified pathological mechanisms which potentially contribute to the development of neurocognitive impairment and dementia in association with HIV-1 infection.
INTRODUCTION
Although human immunodeficiency virus-1 (HIV-1) initially targets and compromises cells of the immune system and eventually causes acquired immunodeficiency syndrome (AIDS), the virus can also cause a variety of neurological problems that can culminate in frank dementia. AIDS-related opportunistic infections may affect the central nervous system (CNS), in particular in the absence of treatment, but HIV-1 infection itself can also initiate a number of neurological syndromes (1) . Neuropathological conditions directly triggered by HIV-1 include peripheral neuropathies, vacuolar myelopathy, and a clinical syndrome of cognitive and motor dysfunction that has been designated HIV-associated dementia (HAD) (2) (3) (4) (5) . A mild and lately more common form of HAD is termed minor cognitive motor disorder (MCMD) (3, 5, 6) .
Although a high risk of neuropsychological impairment in HIV-1 infection seems to be indicated early on by anemia (7) , the mechanisms contributing to the development of MCMD and HAD are still incompletely understood. However in recent years the discovery in the brain of cellular binding sites for HIV-1, the chemokine receptors, and progress in understanding neuroinflammation and neural stem cell biology provided new and surprising insights into the ways HIV-1 can compromise the CNS (3, (8) (9) (10) (11) (12) (13) (14) .
In fact, recently accumulated evidence suggests that HIV-1 possibly strikes at the brain in two ways by not only causing neuronal injury and death but also by impairing neurogenesis (12, (15) (16) (17) (18) (19) (20) . Therefore this article will review those developments regarding the understanding of HIV-1's detrimental effect in the CNS.
NEUROLOGICAL DYSFUNCTION IN HIV-1 INFECTION AND AIDS
From the beginning of the AIDS epidemic until the advent of highly active antiretroviral therapy (HAART), the majority of severe neurological symptoms occurred in advanced stages of systemic HIV-1 disease and the prevalence of HAD was estimated to be 20-30% in individuals with low CD4 T cell counts (7) . The introduction of HAART has increased the life span of people infected with HIV-1 and resulted in an at least temporary decrease in the incidence of HAD to as low as 10.5% (21) . This transient effect suggests that the consequences of HIV-1 infection in the CNS are linked to the condition in the periphery. Apparently, a peripheral infection, its associated immune response and inflammatory processes can influence all cell types in the CNS (22, 23) . Nevertheless improved control of peripheral viral replication and the treatment of opportunistic infections continue to extend survival times, HAART fails to provide protection from MCMD or HAD, or to reverse the disease in most cases (24) (25) (26) (27) . While in the HAART era MCMD may be more prevalent than frank dementia, HAD remains a significant independent risk factor for death due to AIDS, and it is assumed to be the most common cause of dementia worldwide among people of age 40 or less, (6) . Moreover, the proportion of new cases of HAD displaying a CD4 cell count greater then 200 µl -1 is growing (21) , and another recent study found that in a group of 669 HIV patients who died between 1996 and 2001 more than 90% had been diagnosed with HAD as an AIDS-defining condition within the last 12 month of life (28) . This situation and distinct patterns of viral drug resistance in plasma and cerebrospinal fluid (CSF) compartments might at least in part be due to poor penetration into the CNS of HIV protease inhibitors and several of the nucleoside analogues (10, 12, 24) . Moreover, although HIV seems to penetrate into the CNS soon after infection in the periphery, and then resides primarily in perivascular macrophages and microglia (13, 29, 30) , current therapeutic guidelines for AIDS suggest to start HAART only once the number of CD4 + T-cells begins to decline. Since this might occur up to years after peripheral infection, HAART is unlikely to prevent the entry of HIV-1 into the CNS (10) . Therefore it is not very surprising that as people live longer with HIV-1 and AIDS the prevalence of dementia might be rising, and in recent years the incidence of HAD as an AIDS-defining illness has increased (3, 10, 12, 14, 21, 24, 31) .
NEUROPATHOLOGY AND DEVELOPMENT OF DEMENTIA IN HIV-1 INFECTION
The blood-brain-barrier (BBB) may play an important role in the acute and chronic HIV infection of the CNS as it potentially controls the infiltration of virusinfected and uninfected peripheral immune cells, such as monocytes and macrophages (30, 32) .
Astrocytes and microglia produce chemokines -cell migration/chemotaxis inducing cytokines -such as monocyte chemoattractant protein (MCP)-1, which appear to attract peripheral blood mononuclear cells across the BBB into the brain parenchyma (33) . In fact, an increased risk of HAD has recently been connected to a mutant MCP-1 allele that causes increased infiltration of mononuclear phagocytes into tissues (34) . Alternatively, it has been suggested that the inflammatory cytokine tumor necrosis factor (TNF)-alpha, promotes a paracellular route for the virus across the BBB (35) .
Pathological features of HIV-1 infection in the brain are often referred to as HIV encephalitis (HIVE) and include widespread reactive astrocytosis, myelin pallor, microglial nodules, activated resident microglia, multinucleated giant cells, infiltration predominantly by monocytoid cells, including blood-derived macrophages, and decreased synaptic and dendritic density, combined with selective neuronal loss (1, 36) . Surprisingly, numbers of HIV-infected cells, multinucleated giant cells or viral antigens in CNS tissue do not correlate well with ante mortem measures of cognitive dysfunction (36) (37) (38) (39) . In contrast, increased numbers of microglia (37) , decreased synaptic and dendritic density, selective neuronal loss (36, 38, 39) , elevated TNF-alpha mRNA in microglia and astrocytes (40) , and evidence of excitatory neurotoxins in CSF and serum (41) constitute the pathologic features most closely associated with the clinical signs of HAD. Furthermore, two recent studies found evidence that, in contrast to viral load, the amount of proviral HIV DNA in circulating monocytes and macrophages correlates well with HAD (42, 43) .
Neuronal damage and loss has been observed in distinct brain regions, including frontal cortex (44, 45) , substantia nigra (46) , cerebellum (47) , and putamen (48) . Focal neuronal necrosis was reported for HAD brains earlier on (49) , but more recently signs of neuronal apoptosis have been linked to HAD (50, 51) . A good correlation was observed of HAD with cellular DNA fragmentation in basal ganglia detected by terminaldeoxynucleotidyl-transferase-mediated dUTP nick-end labeling (TUNEL) in one study (52) . Interestingly, signs of neuronal death were not clearly associated with viral burden or a history of dementia. However, the localization of apoptotic neurons was correlated with evidence of structural atrophy and closely associated with signs of microglial activation, especially within subcortical deep gray structures (50) .
After the introduction of HAART, however, HIV neuropathology has begun shifting. Although the number of opportunistic infections appears to decline, two post mortem studies found increased macrophage/microglia infiltration and activation in hippocampus and basal ganglia of HAART-treated patients as compared to samples from the time before HAART and a higher prevalence of HIVassociated encephalitis at the time of autopsy (53,54). Post mortem specimens from HIV patients who failed HAART showed even more encephalitis and severe leukoencephalopathy (53). In line with these findings more recent neuropathological descriptions also reported various forms with severe HIVE and white matter injury, extensive perivascular lymphocytic infiltration, 'burnt-out' forms of HIVE and aging-associated beta-amyloid accumulation with Alzheimer's-like neuropathology (55,56).
CHEMOKINE RECEPTORS AND HIV-1 INFECTION OF THE BRAIN
Chemokine receptors belong in the large category of G-protein coupled seven transmembrane-spanning domain receptors. Chemokine receptors and their ligands mediate leukocyte trafficking and contribute intimately to the organization of inflammatory responses of the immune system (57-60). In addition they are involved in the intricate control of organogenesis, including hematopoiesis, angiogenesis, and development of heart and brain (57, (61) (62) (63) .
Chemokines and their receptors are in fact indispensable for maintenance, maturation and migration of hematopoietic and neural stem cells (60,64). However, the most prominent pathological function of certain chemokine receptors seems to be the mediation of HIV-1 infection (57) (58) (59) . Infection by HIV-1 of macrophages and lymphocytes in the periphery and microglia in the brain can occur after binding of the viral envelope protein gp120 to one of several possible chemokine receptors in conjunction with CD4. Depending on the exact variant of gp120, different HIV-1 strains may use CCR5 (CD195) and CCR3, or CXCR4 (CD184), or a combination of these chemokine receptors to enter target cells (58, 59, 65) . Generally, T-cells are infected by 'T-tropic' viruses via the alpha-chemokine receptor CXCR4 and/or the beta-chemokine receptor CCR5. In contrast, macrophages and microglia are infected by 'Mtropic' HIV-1 primarily via CCR5 and CCR3, but the alpha-chemokine receptor CXCR4 may also be involved (65) (66) (67) (68) . In fact, usage of CCR5 is neither necessary nor sufficient for macrophage tropism (69, 70) . However, the crucial role of chemokine receptors on several levels in HIV-1 disease has become increasingly obvious in recent years (71) . Usually CCR5-preferring HIV-1 strains (R5-tropic) are transmitted between humans, and individuals lacking CCR5 are highly resistant to primary HIV infection (72) . CXCR4-using viruses (X4-tropic) occur in about 50 % of infected individuals later in the course of HIV-1 disease and indicate progression to AIDS (66) . However, in many HIV-1/AIDS patients the switch in coreceptor usage does not occur and R5-tropic viruses evolve over time into more cytopathic variants possessing higher CCR5 affinity combined with reduced CD4 dependence (69) .
In the brain, neurons and astrocytes express among other chemokine receptors also CCR5 and CXCR4 (9, 33) , although these cells, in contrast to microglia, are not thought to harbor productive HIV-1 infection under in vivo conditions. However, several in vitro studies strongly suggest that CXCR4 is prominently involved in HIVassociated neuronal damage whereas CCR5 may play a dual role by being able to either serve a toxic or protective role (73) (74) (75) (76) (77) .
Intact HIV-1, as well as picomolar concentrations of isolated viral envelope gp120, can induce neuronal death via CXCR4 and CCR5 receptors in cerebrocortical and hippocampal neurons and neuronal cell lines from humans and rodents (67, 68, 73, 74, (76) (77) (78) (79) (80) . Recently, our group further investigated the role of chemokine receptors in the neurotoxicity of gp120 using mixed neuronal/glial cerebrocortical cultures from rat and mouse. We found that gp120 from CXCR4 (X4)-preferring as well as CCR5 (R5)-preferring and dual tropic HIV-1 strains all were able to trigger neuronal death. Neurotoxicity of X4-preferring gp120 was strongly reduced or absent in CXCR4-deficient cerebrocortical cultures while gp120 from a R5-preferring HIV-1 strain showed no longer neurotoxicity in the absence of CCR5. The gp120 of the dual tropic HIV-1 SF2 exerted surprisingly even greater neurotoxicity in CCR5 knockout cultures compared to wild-type or CXCR4-deficient cerebrocortical cells but, like all other tested gp120s, was no longer toxic to double KO cerebrocortical cultures lacking both chemokine receptors (77) . On the other hand, we observed earlier that the CCR5 ligands MIP-1beta and RANTES protect neurons against gp120-induced toxicity (76) . Interestingly, this protective effect occurs no matter if gp120 prefers CXCR4 or CCR5 or both coreceptors. While the beta-chemokines may prevent CCR5-preferring gp120 from interacting with its receptor by competitive displacement, the blockade of CXCR4-mediated toxicity apparently involves heterologous cross-desensitization of this receptor via stimulation of CCR5 (77) . These findings are consistent with a primarily neurotoxic activation of CXCR4 by gp120. In contrast, CCR5 might at least in part stimulate cytoprotective signals depending on the HIV-1 strain from which a given envelope protein originated.
HIV-1 INDUCED NEURONAL TOXICITY
While progress is being made in unraveling the pathologic processes, it remains a controversial issue how exactly HIV-1 infection provokes neuronal injury and death as well as neurocognitive and motor impairment (10, 12, 13, 18) . There is general agreement that HIV does not infect postmitotic, mature neurons, but the mechanism of neuronal damage is in question. There is ample evidence for neuronal injury by various viral proteins; including Tat, Nef, Vpr and the Env proteins gp120 and gp41 (3, 12, 18, (81) (82) (83) (84) (85) . All these observations have generated at least two different hypotheses on how HIV-1 initiates neuronal damage in the brain. The hypotheses can be described as the "direct injury" hypothesis and the "indirect' or "bystander effect" hypothesis. These two hypotheses are by no means mutually exclusive, and while the available data support a role for both, an indirect form of neurotoxicity seems to predominate in a setting where glial and neuronal cells are present (3, 12, 13, 18, 30) .
Direct neuronal toxicity
The hypothesis that HIV proteins can directly injure neurons without any contribution of non-neuronal cells (microglia and/or astrocytes) is supported by experiments showing that viral envelope proteins are toxic in serum free primary neuronal cultures (74, 75) and in neuroblastoma cell lines (73) . The impact of neurotoxic factors secreted by non-neuronal cells is minimized in these experimental paradigms because serum-free neuronal cultures contain few if any non-neuronal cells, and neuroblastoma lines do not contain cells of other phenotypes. In case of HIV envelope protein gp120, which interacts with several members of the chemokine receptor family (see above), the direct form of HIV-induced neuronal injury may be mediated by chemokine receptor signaling in the absence of CD4 (73) . Indeed, experiments employing an inhibitor of CXCR4 can in some cases prevent HIV/gp120-induced neuronal apoptosis (74) (75) (76) 86) . In a different study, gp120 was found to interact at nanomolar concentrations with the glycine binding site of the N-methyl-D-aspartate-type glutamate receptor (NMDAR) (87) , suggesting an alternative mechanism by which HIV/gp120 may directly interfere with neuronal function and viability. The HIV-protein Tat (HIV/Tat) can be taken up into neuron-like PC12 cells by a receptor mediated mechanism (88) and may also have a direct effect on primary neurons by potentiating the response to excitotoxic stimuli (reviewed in (18)). Experiments using cultured hippocampal neurons suggested that the HIVprotein Vpr may cause direct neurotoxicity through formation of a cation-permeable channel (84) . The absence of non-neuronal cells allows the study of potential direct effects of viral proteins on neurons, but one ought to bear in mind that because of the absence of non-neuronal cells a predominantly indirect effect cannot be detected. Notably, in the pathophysiological setting of the brain neurons always encounter the potential toxins in the presence of glial cells.
Indirect neuronal toxicity
In mixed neuronal/glial cerebrocortical cultures that model the cellular composition of the brain, HIV/gp120-induced apoptotic death appears to be mediated predominantly via the release of toxins from microglia and macrophages rather than by direct neuronal damage (68, 76, (78) (79) (80) (81) 89) . In fact, both the absence or inactivation of macrophages and microglia basically abrogates the neurotoxicity of HIV/gp120 in mixed neuronal/glial cultures (76, 80, 89, 90) . Since at least in vitro inhibition of microglial activation suffices to prevent neuronal death after gp120 exposure, it seems likely that stimulation of CXCR4 or CCR5 in macrophages / microglia is a prerequisite for the neurotoxicity of gp120 (67, 76) . This hypothesis is further supported by the observation that introduction of HIV coreceptor-expressing macrophages completely restores neurotoxicity of gp120 in cerebrocortical cultures lacking both CXCR4 and CCR5 (M. Kaul, unpublished).
Macrophages and microglia can be infected by HIV-1, but they can also be stimulated by factors released from infected cells. These factors include cytokines, matrix metalloproteinases (MMPs) and shed viral proteins such as gp120 and Tat. Variations of the HIV-1 envelope protein gp120, in particular in its V1, V2 and V3 loop sequences, have been implicated in modulating the neurotoxicity of macrophages and microglia (91) . Factors secreted by activated microglia affect all cell types in the CNS, resulting in upregulation of cytokines, chemokines and endothelial adhesion molecules (3,10,12,13,30) . Some of these factors may directly or indirectly contribute to neuronal damage and apoptosis. Directly neurotoxic factors released from activated microglia and macrophages include excitatory amino acids (EAAs) and related substances, such as quinolinate, cysteine and a not completely characterized amine compound named 'Ntox' (3, 10, 12, 13, 41, 89, 92, 93) .
EAAs can trigger neuronal apoptosis through a process known as excitotoxicity. This detrimental process involves excessive Ca 2+ influx and free radical (nitric oxide and superoxide anion) formation by over-stimulation of glutamate receptors (92) , activation of stress-associated protein kinases and caspases and production of proinflammatory lipids (3, 10, 13, 14, 18, 94) . 
Downstream molecular mechanisms in HIV-1 neurotoxicity
HIV-1 infected or gp120-stimulated macrophages/microglia release neurotoxins some of which stimulate the NMDAR, an ionotropic glutamate and neurotransmitter receptor (68, 96) . NMDAR antagonists can ameliorate neuronal cell death in vitro due to HIVinfected macrophages or purified recombinant gp120 (68, 96) , and in vivo in gp120 transgenic mice (97) . Under physiological conditions activation of ionotropic glutamate receptors in neurons initiates a transient depolarization and excitation. However, extended and/or excessive NMDAR activation causes excitotoxicity through a sustained elevation of the intracellular Ca 2+ concentration and a subsequent compromise of mitochondrial function and cellular energy metabolism which in turn results in the production of free radicals (98) (99) (100) .
If the initial excitotoxic insult is fulminant, for example, in the ischemic core of a stroke, the cells die early from loss of ionic homeostasis, resulting in acute swelling and lysis (necrosis). If the insult is more mild, as seen in several neurodegenerative disorders including HAD, neurons enter a delayed death pathway known as apoptosis (51, 94) . Neuronal apoptosis due to gp120 toxicity or after a direct excitotoxic insult involves Ca 2+ overload, activation of p38 MAPK and p53, release of cytochrome c and other molecules such as apoptosis-inducing factor (AIF) from mitochondria, activation of caspases, free radical Immune-activated and HIV-infected, brain-infiltrating macrophages (Mphi) and microglia release potentially neurotoxic substances. These substances include quinolinic acid and other excitatory amino acids such as glutamate and Lcysteine, arachidonic acid, NTox, free radicals, TNF-alpha, and probably others. These factors from macrophages/microglia and also possibly from reactive astrocytes contribute to neuronal injury, dendritic and synaptic damage, and apoptosis as well as to astrocytosis. Entry of HIV-1 into macrophages/microglia occurs via gp120 binding, and therefore it is not surprising that gp120 (or a fragment thereof) is capable of activating uninfected macrophages/microglia to release similar factors to those secreted in response to productive HIV infection. Macrophages/microglia express CCR5 and CXCR4 chemokine receptors on their surface in addition to CD4 and viral gp120 binds via these receptors. Neurons and astrocytes also possess CXCR4 and CCR5 receptors on their surface, raising the possibility of direct interaction with gp120. Macrophages/microglia and astrocytes have mutual feed-back loops (bidirectional arrow). Cytokines participate in this multi-cellular network in several ways. For example, HIVinfection or gp120-stimulation of macrophages/microglia enhances their production of TNF-alpha and IL-1beta (cytokinesarrow). The TNF-alpha and IL-1beta produced by macrophages/microglia stimulate astrocytosis. Arachidonate released from Mphi/microglia impairs astrocyte clearing of the neurotransmitter glutamate and thus contributes to excitotoxicity. In conjunction with cytokines, the alpha-chemokine SDF-1 stimulates reactive astrocytes to release glutamate in addition to the free radical nitric oxide (NO Neuronal injury is primarily mediated by overactivation of NMDARs with resultant excessive influx of Ca 2+ . This, in turn, leads to overactivation of a variety of potentially harmful signaling systems, the formation of free radicals, and release of additional neurotransmitter glutamate. Glutamate subsequently overstimulates NMDARs on neighboring neurons, resulting in further injury. This final common pathway of neurotoxic action can be blocked by NMDAR antagonists. For certain neurons, depending on their exact repertoire of ionic channels, this form of damage can also be ameliorated to some degree by calcium channel antagonists or non-NMDAR antagonists. HAART suppresses HIV-1 infection primarily in the periphery but has limited effect in the CNS. If present, MIP-1beta and RANTES, agonists of β-chemokine receptors, which are expressed in the CNS on neurons, astrocytes and microglia, can confer partial protection against neuronal apoptosis induced by HIV/gp120 or NMDA. Modified from (117).
HIV-infected or gp120-activated microglia also release inflammatory cytokines, such as TNF-alpha (40, 104) . TNF-alpha has direct effects on glutamate neurotransmission by increasing the synaptic expression of certain glutamate receptors (AMPAR) and inhibiting longterm potentiation (LTP) in a p38 MAPK-dependent manner (105, 106) .
Moreover, TNF-alpha can promote neurotoxicity by facilitating glutamate excitotoxicity through inhibition of astroglial glutamate transporters (106) or even provoking neurotransmitter release from glial cells formation, lipid peroxidation, and chromatin condensation (33, 76, 77, 80, 101, 102) . In line with these observations is a report that in human neurons, CXCR4 mediates the toxic effect of gp120 via a process involving the synthesis of ceramide and NADPH-dependent production of superoxide radicals (103) . Oxidative processes and cellular distress are also reflected by alterations to the cellular lipid metabolism, and an increase in ceramide, sphingomyelin and hydroxynonenal has been implicated in the neurotoxic pathways associated with HAD (18).
Interestingly, TNF-alpha and HIV/Tat synergize to promote neuronal death, and this effect is prevented by antioxidants (67). Finally, it remains possible that TNFalpha activates caspases within neurons via TNF-alpha receptor-1 (TNFR1), since TNFR1 is found on at least some neurons, and it can trigger caspase-8 activation. Indeed, antibody neutralization of TNF-alpha or inhibition of caspase-8 prevents the neurotoxicity of HIV/gp120 in cultured cerebrocortical neurons (102); and caspase-8 activity can trigger caspase-3 activation, leading to apoptosis.
Activated caspase-3 and p53 are prominently detected in neurons of brains from HAD patients (102) . Furthermore, in vitro, neuronal caspases-3, -8 and -9 are involved and p53 is indispensable in neurons (and microglia) for HIV-1/gp120 to cause neurotoxicity (80, 102, 109) . Separate studies suggested that CXCR4 and p53 are connected through signaling pathways that mediate toxic or protective mechanisms depending on whether gp120 or SDF-1, the receptor's natural binding partner, acts as the ligand (110) . In contrast to gp120 IIIB , SDF-1 was found to have a neuroprotective effect. It activated Akt and MAPKs (111) and regulated the expression and localization of cell cycle proteins (110, 112) .
SDF-1 increased acetylation of p53 and p21 as well as the expression of retinoblastoma protein (Rb) while reducing the amount of phosphorylated Rb in the nucleus. Together with a reduction of the activity of the transcription factor E2F1, an overall anti-apoptotic effect was observed. In contrast, envelope protein of HIV-1 IIIB triggered activation of Apaf-1 and promoted cell death. Besides these in vitro findings, changes from the normal expression pattern have been observed for the same cell cycle proteins mentioned above in post mortem brains derived from non-human primates with SIV encephalitis and humans with HIV encephalitis (113) . Interestingly, these changes in cell cycle proteins correlated with the presence of activated microglia and macrophages.
EFFECTS OF HIV-1 ON NEUROGENESIS
The CXCR4-SDF-1 receptor-ligand axis plays an important role in the physiological function of hematopoietic and neural stem cells (33, 60, 114, 115) . This fact indicates a potential of HIV-1 and its envelope protein to directly interfere with biological functions of neural stem and progenitor cells. Moreover, we found that engagement of CCR5 can cross-desensitize CXCR4 (77) . Thus CCR5-preferring HIV/gp120, besides CXCR4-preferring viruses, can potentially indirectly interfere with CXCR4-dependent signaling.
Although it is widely accepted that HIV-1 fails to productively infect neurons, it has been reported that neural progenitor cells are permissive to the virus (15, 17, 18) . However, even without viral infection HIV-1/gp120 and chemokines seem able to affect human or rodent neural progenitor cells (16, 20, 116) . In one study, chemokines promoted the quiescence and survival of human neural progenitor cells via stimulation of CXCR4 and CCR3 and a mechanism that involves downregulation of extracellularly regulated kinase-1 and -2 (ERK-1/2) with simultaneous upregulation of the neuronal glycoprotein reelin (116) . Exposure to HIV-1 caused quiescence of neural progenitors, again through engagement of CXCR4 and CCR3. The coat protein HIV-1/gp120 reportedly downregulated ERK-1/2 but had no effect on Reelin (16) . Interestingly, the effects of both the chemokines and HIV-1/gp120 were reversible and could be inhibited with recombinant Apolipoprotein E3 (ApoE3), but not ApoE4. Furthermore, post mortem brain specimen from HAD patients displayed fewer adult neural progenitor cells in the dentate gyrus of the hippocampus than nondemented and uninfected controls (16) .
In cultures of primary mouse and human neural progenitor cells obtained from fetal or adult tissue, cells stain positively for the neural stem cell marker nestin and readily undergo cell division. After several rounds of proliferation, the progenitors exit the cell cycle and express neuronal markers such as βIII-tubulin (TuJ1).
Our immunocytochemical studies showed that the progenitors expressed CXCR4 and CCR5. Treatment with HIV-1/gp120 in vitro reduced the proliferation of adult progenitors without producing apoptosis. Comparable to what had been observed by others in brain specimen from HAD patients, we also found a reduction of proliferating neural progenitors in the hippocampal dentate gyrus of transgenic mice that express HIV/gp120 in the brain in comparison to nontransgenic controls (20) . Accounting for these effects, we found that gp120 inhibited proliferation of neural progenitor cells through activation of a pathway that involved p38MAPK, MAPK-activated protein kinase 2, a cell-cycle check-point kinase, and Cdc25B/C which in turn caused the arrest of the cell cycle in the G1 phase. The resulting decrease in neural progenitor proliferation caused by gp120 also meant that there were fewer progenitor cells present to differentiate into neurons, thus impairing neurogenesis (20) . Neurogenesis in the dentate gyrus of the hippocampus has been implicated in learning and memory formation, neurocognitive functions which are impaired in HAD. Thus the apparent ability of HIV-1/gp120 to interfere with the normal function of neural progenitor cells suggested the possibility that HAD might develop as a consequence not only of injury and death of existing neurons but also due to virus-induced disturbance of potential homeostasis and renewal mechanisms in the CNS (Figure 2) . NPCs express nestin and show decreased proliferation as judged by decreased BrdU incorporation. However, NPCs do not undergo apoptosis, as evidenced by lack of TUNEL staining and nuclear condensation under the same conditions (16, 20, 116) . HIV/gp120 impairs proliferation of progenitors through activation of a pathway consisting of p38MAPK, MAPK-activated protein kinase 2 and Cdc25B/C which results in cell-cycle arrest in the G1 phase. It is not clear yet in how far this effect is reversible. Modified from (117).
PERSPECTIVE
While our understanding of HIV-1 disease and its associated neuropathology continues to grow and HAART has tremendously improved the treatment of HIV-1 infection in the periphery, an effective pharmacotherapy for HAD is still not available. However, recognizing that HIV-1 affects the brain not only through neurotoxicity but also by slowing potential homeostasis maintenance and repair mechanisms is an important step to identify and develop targets for future therapeutic approaches.
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